Wnt signal transduction has emerged as an increasingly complex pathway due to the numerous ligands, receptors, and modulators identified in multiple developmental systems. Wnt signaling has been implicated in the renewal of the intestinal epithelium within adult animals and the progression of cancer in the colon. The Wnt family, however, has not been explored for function during embryonic gut development. Thus, to dissect the role of Wnt signaling in the developing gastrointestinal tract, it is necessary to first obtain a complete picture of the spatiotemporal expression of the Wnt signaling factors with respect to the different tissue layers of the gut. Here, we offer an in depth in situ gene expression study of Wnt ligands, frizzled receptors, and frizzled related modulators over several days of chicken gut development. These data show some expected locations of Wnt signaling as well as a surprising lack of expression of factors in the hindgut. This paper describes the first comprehensive characterization of the dynamic expression of Wnt signaling molecules during gut development. These data form the basis for future studies to determine the role of Wnt signaling in the developing gastrointestinal tract.
Introduction
Several processes are critical to forming a functional vertebrate gut, including induction and patterning of the endoderm, recruitment of the mesoderm and tube formation, proliferation and specification of sections along the gut tract, and renewal of the mature gut epithelium. The first step is the specification of the endoderm that will eventually form the complex epithelium of the mature digestive organ (reviewed in Grapin-Botton and Melton, 2000; Stainier, 2002) .
Second, a simple gut tube forms by two invaginations appearing on either end of the embryo, the anterior intestinal portal (AIP) and the caudal intestinal portal (CIP). These two areas move inward into the embryo, taking the specified endoderm along with them, and form a primitive tube at both ends of the gut. Fusion occurs in the middle of the embryo, and the midgut must roll up, taking the endoderm and surrounding mesoderm along with it to form a final continuous tube. At the end of this process, the vertebrate gut is grossly separated into three main regions: foregut, midgut, and hindgut (reviewed in Grapin-Botton and Melton, 2000) . The foregut forms the esophagus, stomach, and duodenum, as well as the liver and pancreas. The midgut goes on to form the small intestine, including the ileum, jejunum, and the ceca in the chicken, as well as the rostral colon. The hindgut matures into the caudal colon and, in the chicken, the cloaca.
The chicken gut shows obvious differences in regional morphology as early as 3 days of development. In contrast, differences in the gross appearance of the gut epithelium are not obvious until 10 days of development and are not clear to the naked eye until near hatching (between 19 and 21 days) (Romanoff, 1960) . Unlike the mouse intestine, where epithelial maturation is incomplete until postnatal weaning, the chicken gut is fully mature upon hatching of the animal (Romanoff, 1960) . This characteristic of rapid development makes the chicken a more comparable model to the human intestine as it too matures more fully than that of rodents before birth (reviewed in Montgomery et al., 1999) .
The gut is patterned along four different axes. The anterior-posterior (A-P) axis specifies functional boundaries along the tube, such as the small intestine versus the colon. The dorsal-ventral axis is primarily involved in the budding of accessory organs such as the pancreas from the main gut tube. The left-right axis rotates the stomach and loops the intestines for proper packaging of the organ in the abdominal cavity. And finally, the radial axis controls the diameter of the tube in different sections of the gut (for review, see Roberts, 2000) . Of all these axes, the best described is the A-P axis. Molecular events that govern this patterning, the role of Hox genes for example, are just emerging (for review, see Beck et al., 2000; Roberts, 2000) .
A variety of factors involved in early endoderm induction and patterning have been studied in both vertebrates and invertebrates (for review, see Grapin-Botton and Melton, 2000; Rawdon, 2001; Stainier, 2002; Takashima and Murakami, 2001) . Renewal of the adult intestinal epithelium has also been well described with regard to both tissue interactions and signaling molecules, and it is in this process that Wnt signaling plays a particularly important role by signaling through the LEF/TCF family of transcription factors (van Noort and Clevers, 2002) . The role of Wnt signaling in the patterning of the gut tube after endoderm induction in the developing animal, however, has not been well studied.
The Wnt gene family consists of a large number of secreted glycoproteins involved in numerous development processes in vertebrate organisms through regulation of cellular proliferation, specification, and adhesion (reviewed in Cadigan and Nusse, 1997; Wodarz and Nusse, 1998) . Wnts can be categorized into different signaling subfamilies based on several criteria (see Nusse 1997 Nusse -2002 for a full description). The most common grouping is based on the ability of certain Wnts, such as Wnt1, to cause the stabilization and nuclear localization of ␤-catenin in response to signaling. This group is called the canonical class. In contrast, Wnts that do not affect ␤-catenin, such as Wnt5a, are termed noncanonical (for review, see Nusse, 1997 Nusse, -2002 Wodarz and Nusse, 1998) . There is also a mixed group of Wnts, such as Wnt7b, that appear to function in either pathway depending on the assay used to test for their activity.
Wnts bind to receptor proteins called frizzleds that transduce the Wnt signal. Frizzleds are seven pass transmembrane proteins containing a cysteine-rich domain (CRD) critical for binding to Wnts. In addition, there are several proteins called secreted frizzled related proteins of which there are four identified in the chicken (frzb-1, sfrp-1, sfrp-2, and crescent) Ladher et al., 2000; Pfeffer et al., 1997; Terry et al., 2000) . These frizzled related proteins contain the CRD that binds to Wnt proteins and are thought to function by binding and sequestering Wnt proteins from their frizzled receptors (Rattner et al., 1997) . There is evidence, however, that frizzled related proteins may bind to Wnts and not always lead to inhibition of signaling, indicating that there is specificity in this inhibition. In some cases, these frizzled related proteins seem to facilitate Wnt signaling rather than inhibit it, perhaps through a secondary inhibition mechanism (Yoshino et al., 2001) . The explanation for the perplexing finding that frizzled related proteins sometimes appear as facilitators in Wnt signaling is that all Wnt molecules do not have the same effect on a cell when they signal. Therefore, by inhibiting a Wnt molecule that signals to block some process, the frizzled related protein appears to be promoting the effect of another Wnt molecule.
Our interest is to understand the signaling events that pattern the posterior gut along its various axes. Wnts are likely candidate molecules to study for their role in the development of the gut based on their importance in the adult gastrointestinal tract. From previous experiments in the mouse, it was known that some Wnt genes were expressed during gut development, but the expression analysis was not complete, nor did it focus on key events in gut development (Lickert et al., 2001) . What is needed is a comparative study of all participating Wnt signaling molecules, including the ligands, receptors, and modulators, during key events in gut development to evaluate what role this pathway plays in intestinal growth and morphogenesis.
Here, we characterize expression of Wnt signaling components within the developing chicken gut tract. We present a comprehensive picture of Wnt gene expression patterns in caudal gut development in this study during the time course when morphological differences between regions of the gut are being established. Based on the results presented here, interactions between Wnt signaling components have to be taken into account when studying Wnt function in gut development.
Materials and methods

Gut tissue preparation
Gut tissue was dissected in ice-cold Ringer's solution from White leghorn chicken embryos (Gallus gallus domes- ticus). Eggs were obtained from AA Lab Eggs (Westminster, CA) and incubated at 38°C in a humidified incubator for 4 -8 days. Guts were dissected from the embryos and staged according to a gut staging series developed by Ian Allen and Bridget Southwell. A specific gut staging system was used due to differences in the development of the internal organs in embryos at the same H-H stages of development (Hamburger and Hamilton, 1951) . However, we have presented the staging in both days of gut development and prototypic H-H stages for easy reference to conventional staging methods. Four days is equivalent to H-H St. 23. H-H St. 26 correlates with 5 days of gut development, and H-H St. 28 is equivalent to 6 days. For 7 day guts, embryos were staged to be H-H St. 30. Eight day guts are equivalent to H-H St. 33. After the tissue was cleaned of surrounding organs, it was fixed in 4% paraformaldehyde overnight at 4°C and dehydrated for storage in methanol.
In situ hybridization
In situ hybridization of probes was carried out essentially as described (Wilkinson, 1998) for chicken embryos using digoxigenin-labeled probes (Roche). In situ hybridization was performed on whole gut tissue with the modification that no Proteinase K was used in any incubation. All probes were tested by using either two or three tissue samples per trial, and trials were repeated for each probe at least three times giving a total of six to nine guts per sample. BM Purple (Roche) was used as the alkaline phosphatase reaction substrate. Once the development reaction was complete, the tissue was rinsed in PBS and pictures were taken by using a Leica MZ FL III Stereomicroscope with vertical illuminator fitted with a SPOT (McBain Instruments) camera. After pictures of the whole tissue were taken, the tissues were fixed in 4% paraformaldehyde for 15 min at room temperature and rinsed and dehydrated in methanol for paraffin embedding. Then, 6 m sections were taken of the embedded tissue, and sections were mounted with coverslips by using Permount (Sigma). Pictures of the sections were taken by using a Zeiss Axiocam fitted to a Zeiss Axiophot microscope. Images were minimally processed for contrast and size with Adobe Photoshop 6.0.
In situ probes
The probes used are described as follows. Frizzled probes were a gift from Michael Stark and were prepared according to Stark et al. (2000) . Sfrp-2 was a gift from Vicki Church and was prepared as described in Ladher et al. (2000) . Frzb-1 was a gift from Laura Burrus and was prepared as described in Baranski et al. (2000) . Sfrp-1 was also a gift from Laura Burrus and was prepared as described in Terry et al. (2000) . Crescent was a gift of Paul Pfeffer and was prepared as described in Pfeffer et al. (1997 
Results
Of the 25 genes in the Wnt pathway analyzed, 18 were expressed during the window of time studied. The following Wnt genes have probes from either the isolated chicken genes or cross-reacting mouse genes: Wnt1, Wnt2, Wnt3a, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt8b, Wnt8c, Wnt10a, Wnt11, Wnt13, and Wnt14. Of those genes, Wnt1, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt8b, Wnt10a, Wnt11 , and Wnt14 were expressed during gut development. Based on the canonical/noncanonical classification system, several of the Wnt genes expressed in the gut fall into each category. Wnt1 and Wnt8b cause ␤-catenin nuclear localization in other systems that have been tested. Wnt5a, Wnt5b, Wnt11, and Wnt14 are in the noncanonical class. Several of the Wnt genes expressed fall into a separate grouping because they appear to function in either pathway depending on the cell type tested (summarized in Nusse 1997 Nusse -2002 ). This may reflect the different signaling abilities of Wnt proteins with different frizzled receptors. These Wnt genes are Wnt6, Wnt7b, and Wnt10a. In the chicken embryo, seven frizzled genes have been isolated (Fz1 Fz2 Fz4 Fz7 Fz8 Fz9, and Fz10) (Kawakami et al., 2000; Stark et al., 2000) and of those genes all but Fz9 and Fz10 are expressed in the developing chicken gut. In addition, there are four secreted frizzled related genes, crescent, sfrp-1, sfrp-2, and frzb-1, isolated in the chicken that are all expressed to varying degrees. Based on the role of Wnt signaling in maintaining the adult colonic epithelium, we expected to find most Wnt gene expression limited to the endoderm. Instead, most of the genes exhibit expression within the mesoderm, although a few important exceptions have specific endodermal expression.
Because of the complexity of the gene expression patterns presented in this paper, the data are organized in two different formats. The expression data below are organized based on the day of gut development so that morphology can be taken into consideration when expression patterns are discussed. Figs. 1-5 show diagrams of the expression data, whereas Fig. 7 shows examples of actual in situ hybridization patterns either in whole mount or in section to illustrate particular points. Tables 1-4, in contrast, present the expression data based on structures within the intestinal tract, such as the small intestine in Table 1 and the hindgut  in Table 3 . This combination of figures and tables is used to present the complex expression patterns seen for the Wnt signaling components in a readily useable form.
Four days (H-H St. 23) Morphology
At this stage of gut development, the midgut is still open and has not completed fusion. The cecal swellings that will form functional digestive tubes within the adult chicken can be seen at this point as slight bulges in the middle of the posterior gut tube. The hindgut and presumptive cloaca region cannot be differentiated from one another at this point visually, and the hindgut is about half the length of the midgut (Romanoff, 1960) . This is illustrated in Fig. 1A . Fig. 1 illustrates the expression of the Wnt signaling family at 4 days of gut development. Several Wnts are expressed within the small intestine at this time point. Wnt5b, Wnt6, and Wnt14 are found throughout the intestine (Fig. 1C) . Wnt5a shows more concentrated signal in the caudal portion of the small intestine but is still expressed in the rostral section (Fig. 1D) . Wnt1, however, is limited in its expression to the caudal small intestine (Fig. 1E ). Only Fz2 is found in the small intestine mesoderm along with the Wnt genes to mediate signaling in this region (Fig. 1J) . Fz7, in contrast, is found throughout the small intestine endoderm (Fig. 1I) . The presence of Wnt molecules within the midgut mesoderm and Fz7 within the endoderm raises the possibility that Wnts mediate signaling between the two layers of the gut at early stages of gut development.
Small intestine
Ceca
All the Wnts detected at 4 days (Wnt1, Wnt5a, Wnt5b, Wnt6, Wnt8b, Wnt10a, Wnt11, and Wnt14) show expression within the cecal swellings (Fig. 1B-E) , and this is also where the main expression of the Wnt modulators (crescent, sfrp-2, and frzb-1) is concentrated ( Fig. 1F-H ). Crescent expression in the 4 day gut (see Fig. 7H ) is a good example of the ceca expression observed for many of the genes analyzed at this stage of development. Of the frizzled genes expressed, Fz1, Fz2, Fz4, and Fz8 are expressed in the mesoderm ( Fig. 1J and K) and Fz7 is found in the endoderm (Fig. 1I) .
Hindgut
Within the hindgut, Wnt5b, Wnt6, and Wnt14 are expressed (Fig. 1C ) along with Fz2 in the mesoderm (Fig. 1J) . Within the endoderm, Fz7 is also expressed (Fig. 1I) .
Cloaca
Even though the cloaca region is not visually obvious at this time point as a structure, the most caudal portion of the gut is the site of specific Wnt family gene expression. In particular, Wnt8b, Wnt10a, and Wnt11 are expressed in the mesoderm (Fig. 1B) . In addition Fz1, Fz2, Fz4, and Fz8 are expressed in the mesoderm (Fig. 1J and K) and Fz7 is expressed in the endoderm (Fig. 1I) . The modulator sfrp-2 is also expressed in the presumptive cloaca.
Five days (H-H St. 26) Morphology
Fig. 2 shows the expression of Wnt genes, their receptors, and modulators at 5 days of development. Note that, at this time point, the midgut has fused and the umbilicus containing the umbilical artery and vein has formed and serves as a marker for the pre-and postumbilical gut. At this stage, these two portions of the small intestine are unequal in length, with the preumbilical intestine being significantly longer than the postumbilical section. The cecal swellings have expanded and are clearly distinguishable from the main gut tube (Romanoff, 1960) .
Small intestine
The small intestine has expression of several Wnts and their frizzled receptors, particularly both Wnt1 and Wnt5a, classical members of the canonical and noncanonical Wnt signaling groups, respectively ( Fig. 2E and  F) . As Fig. 7S shows, Wnt1 expression has spread into the preumbilical small intestine compared with its rostral border at 4 days (Fig. 2E) . Wnt5a expression continues to be weaker in the preumbilical gut, but is still present throughout the small intestine. Wnt5b and Wnt7b are found within the mesoderm of the postumbilical gut. Fz2 is expressed in the mesoderm of the small intestine where it may mediate signaling through all of the Wnts expressed at 5 days (Figs. 2N and 7Z ). Fz7 is expressed throughout the small intestine endoderm (Fig. 2M) . No modulators are present in the small intestine at this stage of development.
Ceca
Again, expression of most of the Wnt genes is concentrated within the ceca region. All the Wnt genes expressed at 5 days show some ceca expression: Wnt1, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt8b, Wnt11 , and Wnt14 (Fig. 2B-F) . Of the modulators, crescent continues to be expressed throughout the ceca and adjacent small intestinal mesoderm (Figs. 2J  and 7I ). Sfrp-2 has more limited expression to the ceca buds only (Fig. 2I) . Frzb-1 is still expressed within the ceca endoderm (Figs. 2H; 7A and B and 2M) . Fz8 has lost expression from the tips of the ceca by this stage of development, but continues to be expressed in the remaining ceca bud mesoderm (Fig. 2K ). Fz1 and Fz4 continue to have expression throughout the ceca mesoderm (Figs. 2L and 7U) . Fz2 is also expressed throughout the mesoderm of the ceca buds (Figs. 2N and 7Z ).
Hindgut
At 5 days of development, there are no Wnt genes or modulators present within the hindgut. Expression of two frizzled receptors, however, remains within the mesoderm, Fz2 and Fz8 (Fig. 2K and 2N, and Fig. 7Z ). In the hindgut endoderm, Fz7 continues to be expressed (Fig. 2M) .
Cloaca
In the cloaca, there continues to be a large number of Wnt genes expressed even though the structure is difficult to differentiate from the rest of the gut tract. Wnt5a, Wnt5b, Wnt7b, Wnt8b, and Wnt11 are expressed in the cloaca area (Fig. 2B, C, and E) . In addition, this is the location for the only sfrp-1 expression seen in the developing gut in these studies (Fig. 2G) . Sfrp-2 also continues to be expressed in the cloaca (Fig. 2I) . Of the frizzled genes, Fz1, Fz2, Fz4, and Fz8 are expressed in the mesoderm of the cloaca, and Fz7 is present within the endoderm (Figs. 2K-N and 7Z) . 
Six days (H-H St. 28) Morphology
At day 6 of gut development, the pre-and postumbilical small intestine are fairly equal in length as illustrated in Fig.  3 . The small intestine continues to be much longer than the hindgut and is more than double its length. The ceca buds are gradually elongating along the length of the small intestine, and the cloaca is more visible now in relation to the hindgut (Romanoff, 1960) .
Small intestine
By 6 days of gut development, there are two Wnt genes expressed within the small intestinal endoderm, Wnt5b and Wnt7b ( Fig. 3D and E,) . There is a dramatic change in expression from mesodermal to endodermal over 1 day of development for Wnt7b ( Fig. 7O and P) . Compare Fig. 2C with Fig. 3D . Only one frizzled gene, Fz7, is expressed within the length of the intestinal endoderm (Figs. 3K and 7W). Wnt5a and Wnt1 expression continues to be strong and mesodermal within the small intestine (Figs. 3C, 3F , and 7J-L). Fz2 is the only frizzled receptor expressed in the small intestinal mesoderm (Fig. 3L) .
Ceca
Within the ceca, most of the Wnt molecules expressed within the gut tract are observed in this region. Wnt1, Wnt5a, Wnt11, and Wnt14 are found within the mesoderm. Wnt5b is expressed within the endoderm (Fig. 3B-D, and  F) . It is at 6 days of development that we begin to see more differences in gene expression along the length of the ceca by the frizzled receptor genes. Fz8 continues to be missing from the ceca tips but is expressed in the rest of the bud mesoderm (Figs. 3I and 7X ). Fz4 is expressed only within the middle of the buds (Fig. 3J) . The remaining frizzled genes expressed in the ceca mesoderm along the full length of the buds are Fz1 and Fz2 (Fig. 3L and M) . Fz7 continues to be expressed within the ceca endoderm (Figs. 3K and  7W ). Of the modulators, frzb-1 continues to be expressed within the ceca endoderm (Figs. 3H and 7C ). Sfrp-2 is expressed throughout the ceca mesoderm (Figs. 3G and 7D and E).
Hindgut
In the hindgut, several frizzled receptor genes are expressed in the mesoderm, including Fz1, Fz2, and Fz8 (Figs. 3I, 3L, M; 7X and 7Y). Fz7 is also expressed in the hindgut endoderm (Fig. 3K) . No Wnt genes or modulators are expressed.
Cloaca
The cloaca can now be seen as a thickening at the caudal end of the gut, and several Wnt signaling factors continue to be expressed there. Wnt5a, Wnt5b, and Wnt7b are found in the mesoderm of the cloaca (Fig. 3C-E) . Sfrp-2 also continues to be expressed in the mesoderm (Fig. 3G) . Of the frizzled genes, only Fz7 is expressed within the endoderm (Fig. 3K.) . The remaining frizzled genes, Fz1, Fz2, Fz4, and Fz8 are found within the mesoderm of the cloaca (Fig. 3I -J and 3L and M.). Fig. 4 illustrates an even more complex expression pattern for Wnts and their modulators within the ceca at 7 days of development. At 7 days, the ceca have rapidly increased in length parallel to the small intestine, and they are now approaching the position of the umbilicus. The small intestine has continued its rapid growth in relation to the hindgut and makes up most of the gut length. The cloaca is now clearly visible at the caudal end of the hindgut.
Seven days (H-H St. 30) Morphology
Small intestine
Within the small intestine, Wnt1 and Wnt5a have similar weak mesodermal expression throughout the length of the small intestine. (Figs. 4C, 4F , and 7T). Wnt5b continues to be expressed in the endoderm (Figs. 4D and 7Q) . Of the frizzled genes, only Fz7 is found within the endoderm (Fig.  4K) , and only Fz2 remains within the intestinal mesoderm (Fig. 4L) . Expression of sfrp-2 has now spread within the intestinal endoderm (Fig. 4G) .
Ceca
Wnt1 and Wnt5a also have altered expression patterns and now have concentrated expression at the ceca tips (Figs. 4C, 4F, and 7T). Wnt5b has endodermal expression within the ceca (Figs. 4D and 7R ). Wnt5b expression is similar to that of Fz7, which continues in the endoderm of the ceca buds (Fig. 4K) . Frzb-1 is still present within the ceca endoderm as well (Fig. 4H) . The modulator sfrp-2 now has graded expression within the bud length, and its expression is concentrated at the tips and base of the ceca (Fig. 4G ). Fz1 and Fz2 have expression throughout the ceca mesoderm ( Fig. 4L and M) . Fz4 continues to be expressed within only the middle portion of the ceca mesoderm (Fig. 4J) , and Fz8 has expression throughout the ceca mesoderm except for a lack of expression at the tips of the buds (Fig. 4I) .
Hindgut
Within the hindgut only two frizzled genes continue to be expressed within the mesoderm even though there are no Wnt genes expressed in that region: Fz2 and Fz8 (Fig. 4I and L).
Cloaca
Wnt5a and Wnt7b continue to be expressed within the mesoderm of the cloaca (Fig. 4C and E) . Sfrp-2 (Fig. 4G) and Fz2 (Fig. 4L) are also expressed in the mesoderm.
Eight days (H-H St. 33) Morphology
At 8 days of gut development, the small intestine has quadrupled in length compared with its dimensions at our starting point of 4 days. In contrast, the hindgut has only increased by 1.5 times its length. The ceca buds are still approaching the umbilicus and lie in tight association with the small intestine. The cloaca is easily distinguished at the caudal end of the hindgut as a thickening of the tissue and can be easily removed from the rest of the gut tract (Romanoff, 1960) .
Small intestine
Wnt5a expression remains weak and mesodermal throughout the length of the small intestine (Figs. 5B and 7M) . Fz7 continues to be expressed within the intestinal endoderm (Fig. 5G) , along with sfrp-2 (Figs. 5D and 7F and G) . Sfrp-2 also shows some mesodermal expression in the small intestine that lies adjacent to the branch point for the ceca buds (Figs. 5D and 7F ).
Ceca
Wnt5a is the only Wnt gene expressed within the ceca and shows concentrated expression at the ceca tips versus the rest of the bud length (Figs. 5B and 7M and N) . Sfrp-2 shows graded expression as well along the length of the ceca bud and has stronger expression at the tips (Figs. 5D  and 7F ). Most of the frizzled genes also show differential expression along the length of the bud. Fz4 continues to be expressed only within the middle mesoderm of the bud (Figs. 5F and 7V). Fz8 is expressed throughout the length of the bud except for the tip ( Figure 5E ). Fz7 is present throughout the endoderm of the ceca bud (Fig. 5G) .
Hindgut
No Wnt components are expressed within this section of the gut tract at 8 days of development.
Cloaca
Wnt5a and Wnt7b continue to be expressed in the mesoderm of the cloaca along with sfrp-2 (Fig. 5B-D) . No frizzled genes are expressed in the cloaca at this day of development.
Interpretation
In order to determine where simple Wnt signaling is taking place within the developing gut tract, we must consider the presence of a Wnt molecule and at least one frizzled receptor. In addition, there must be an absence of signaling modulators, the secreted frizzled related proteins, as these factors alter Wnt signaling in other systems examined. Fig. 6 illustrates where simple Wnt signaling is possible within the gut without being affected by modulator expression. Although simplistic, Fig. 6 is useful for determining the regions of the organ where modulation of Wnt signaling is not critical for its function in gut development. At 4 days of development, simple Wnt signaling can occur throughout the intestinal and hindgut mesoderm, but is absent in the ceca. Signaling may also be taking place within the endoderm of the main intestinal tract responding to mesodermal Wnt molecules (Fig. 6A) . Even though the ceca contains the greatest number of Wnt signaling components, there are also multiple modulators expressed in this region, and so no signaling is shown for most of the time points examined. By 5 days, hindgut signaling has been lost due to the absence of Wnt ligand expression. Simple signaling is now graded along the length of the small intestine as shown by the stippled regions, with more signaling possible within the postumbilical small intestine (Fig. 6B) . By 6 days, the signaling pattern is essentially the same due to the stable expression of Wnt1, Wnt5a, and Fz2 within the mesoderm of the small intestine (Fig. 6C ). Wnt5b and Wnt7b are also now expressed within the intestinal endoderm, making it possible for them to signal through Fz7 in that region. By 7 days of development, there is weak signaling still possible throughout the small intestinal mesoderm, but it is fading (Fig. 6D) . For the first time, there is the possibility of signaling within the ceca buds due to lower expression of sfrp-2 in the middle portion of the bud. By 8 days of development, Wnt signaling is absent within the gut tract because of the overlap with sfrp-2 with various frizzled genes and a lack of significant Wnt gene expression (Fig. 6E) .
Discussion
Wnt signaling is critical for the maintenance of the adult colonic epithelium by signaling through ␤-catenin and LEF/ TCF transcription factors (reviewed in van Noort and Clevers, 2002) . Although the function of Wnt signaling in the adult gut is well characterized, the role that Wnt signaling plays in embryonic gut development has remained elusive. The patterns of gene expression derived from this analysis of expression of Wnt signaling components portray a dynamic and complex picture of Wnt expression within the posterior intestinal tract of the chicken. There are differences between expression of genes within the pre-and postumbilical small intestine as well within the developing ceca and cloaca. These patterns suggest that Wnt signaling is involved in both growth and patterning within the intestinal tract.
Small intestine
The small intestine is the region of the gut tract that increases the most in length over the time studied. The midgut fuses at day 5 to form the presumptive small intestine and differences in expression between the pre-and postumbilical gut are observed even before fusion is com-pleted. The small intestine is extruded from the body cavity during this time period to allow its length to quadruple over this 4-day period of development. We believe that the expression patterns for Wnt signaling components strongly imply a role for both canonical and noncanonical types of signaling within this section of the gut tract.
As shown in Table 1 , early expression of Wnt signaling components at 4 and 5 days of small intestine development begins with broad expression of Fz2 and several Wnts in the mesoderm. Wnt1, the founding member of the canonical signaling family, is present along with a variety of noncanonical Wnts. The boundary of Wnt1 expression correlates well with the future closure region of the small intestine and the placement of the umbilicus, suggesting a function for canonical signaling in midgut closure and umbilical positioning.
By 6 days, the biggest change in expression is the observation of Wnt5b and Wnt7b within the endoderm along with Fz7. We propose that Wnt signaling in the small intestinal endoderm may trigger structural changes in the formation of the epithelial villi, making this region different from that found elsewhere in the gut. Wnt5a and Wnt1 continue to be expressed in the mesoderm along with Fz2, implying that both types of signaling, canonical and noncanonical, play roles in the dramatic growth of the small intestine. Seven days is the last time point where simple signaling is possible in the small intestine, because there is no Wnt/Fz overlapping expression by 8 days of development.
Ceca
The ceca bud off from the main small-intestinal tract and maintain a common lumen with the digestive system. The growth of the buds is dramatic over a period of 4 days as they extend anterior along the mesentery of the small intestine (Romanoff, 1960) . Expression is most complex in this region of the gut tract and appears highly regulated. We propose that Wnt signaling in this region regulates the structure of the ceca by balancing proliferation and apoptosis to sculpt the shape of the buds. Early in gut development at 4 days, all of the genes that have gut expression are observed within the ceca, generating a complex view of Wnt signaling in this region as presented in Table 2 . Within the endoderm, Fz7 and frzb-1 are expressed at most of the time points analyzed. Although we have not performed double in situ hybridization to confirm that expression of these two genes overlaps, the similarities in their expression patterns are striking (Fig. 7A, C , and W).
By 5 days of development, we begin to see complex patterns of frizzled expression along the length of the ceca bud. Fz8 is not expressed in the ceca tips, and Fz4 expression is limited to the middle portion of the bud by 6 days of development. These patterns continue until the last time point studied, 8 days. Within this same time period, Wnt1 and Wnt5a begin to have graded expression along the bud length. Both genes are expressed at the tips of the ceca with some expression observed in the adjacent section of the bud. The most complex pattern is observed for the frizzled related protein, sfrp-2. Sfrp-2 has intense expression at the tips and base of the ceca and is weaker in the middle section of the bud. These complex patterns of expression reinforce the idea that Wnt signaling functions in molding the size and shape of the ceca buds.
Hindgut
Because of the clear role for canonical Wnt signaling in the renewal of the adult colonic epithelium, we expected Wnt signaling to perform a similar function in embryonic gut development. To our surprise, there was a lack of Wnt family gene expression within the developing hindgut. The only time point when Wnt signaling could occur in the hindgut is at 4 days of development when there is more patterning than growth occurring in this tissue. The developing hindgut barely doubles its length during the period of time we surveyed, indicating that there is little growth in this region of the intestinal tract.
At 4 days, Wnt5b, Wnt6, and Wnt14 are present in the hindgut mesoderm along with Fz2 as shown in Table 3 . There are no Wnt genes observed within the hindgut endoderm, although Fz7 expression is observed there. No modulators are present, indicating that active Wnt signaling, probably through the noncanonical pathway based on the Wnt genes expressed, is taking place to pattern the tissue.
By 5 days of development, there are no Wnt genes expressed in the hindgut, although there continues to be expression of several frizzled genes, namely Fz2 and Fz8 in the mesoderm and Fz7 in the endoderm. A variety of friz- Abbreviations zled genes continue to be observed in the hindgut through 7 days of development, although there are no corresponding Wnt genes expressed. One explanation for the continued expression of frizzled genes is that there is expression of an unidentified Wnt gene that we did not assay in our study that is signaling through the receptors. We find this possibility unlikely given the rigorous set of Wnt genes we analyzed, but it does remain a potential explanation. Another explanation is that the hindgut expression of the frizzled genes is merely a consequence of these genes being expressed in both the ceca and the cloaca, and that the hindgut, located in between these two regions, thus maintains expression of the gene in question.
Cloaca
The continued and localized expression of Wnt signaling components within the cloaca supports the idea that patterning, and not proliferation, is the most likely function of the Wnt genes in this tissue. The cloaca does not undergo extensive growth during the time examined in our study. Instead, it changes dramatically in shape and in position relative to the rest of the gut tract (Romanoff, 1960) . Even though the cloaca is not evident visually at 4 days of development, there is specific expression of Wnts in the most caudal portion of the hindgut, the presumptive cloaca region as presented in Table 4 . Wnt genes from both signaling classes are present in the cloaca along with several frizzled receptors in the mesoderm, suggesting that both canonical and noncanonical signaling is taking place in the cloaca. Sfrp-2 is also expressed in the cloaca mesoderm at four days, most likely regulating specific Wnt/Fz pairing. At 5 days of development, Sfrp-1 has joined sfrp-2 expression in the cloaca, and this is the only site and time point when sfrp-1 is found in the gut tube during the time examined. By None are expressed Sfrp-2 Endodermal having both sfrp genes expressed, Wnt signaling can be modulated based on the particular Wnt molecules regulated. This pattern of gene expression within the mesoderm continues for several days. The main changes are in the particular Wnt genes expressed. The canonical pathway Wnt genes are no longer expressed by 6 days of development, but noncanonical Wnt genes are present until 8 days. A variety of receptors are observed to have expression within the developing cloaca through 7 days of development, and we also find sustained expression of sfrp-2 in the mesoderm.
Role of Wnt signaling in gut development
The expression study presented here offers a fairly complete picture of Wnt signaling components within the developing intestinal tract. There are clear zones of complex Wnt expression within the ceca, small intestine, and cloaca. During the time course analyzed, the small intestine and ceca undergo rapid growth, and Wnt signaling is often found in regions of proliferation during embryonic development (reviewed in Cadigan and Nusse, 1997) . The time course analyzed covers one period of Wnt expression in the gut tract. Wnt signaling components are rarely observed to have expression at 3 days of development (data not shown), and expression of these genes has faded for the most part by 8 days.
This paper summarizes where simple Wnt signaling lies within the developing gut tract by ignoring the function of the various modulators on signaling as shown in Fig. 6 . This type of analysis does not communicate the areas of especially complex expression such as the ceca and cloaca because of the presence of multiple Wnts and Wnt modulators within these regions. Therefore, Fig. 6 is too minimal to explain the role of Wnt signaling in the entire gut tract, but is useful in determining areas such as the small intestine and hindgut where perturbation experiments can be interpreted more easily than experiments in complex regions of expression such as the ceca and cloaca.
Wnts and other signals?
The expression of the Hox family of transcription factors most closely parallels Wnt family gene expression when expression patterns are compared with other molecules known to be important for development of the gut such as Shh and BMP4 (reviewed in Beck et al., 2000; Roberts, 2000) . Like the Wnts and frizzleds, the Hox genes expressed in the intestinal tract show specific patterns of expression within the preumbilical and postumbilical small intestine, ceca, and cloaca (reviewed in Beck et al., 2000) . Hox gene expression in the gut begins at 3 days and ends by 6 days of development (Yokouchi et al., 1995; Sakiyama et al., 2001) . The similarity in expression patterns and the preceding expression of Hox genes before Wnt gene expression suggests that there may be a connection through the regulation of gene expression between the two families, an intriguing possibility we are currently investigating.
